Abstract. Therapies for patients with scirrhous gastric cancer remain ineffective. Current treatments for gastric cancer based on systemic therapy, such as the combination of S-1 with cisplatin or docetaxel, show good clinical response rates. S-1 plus cisplatin is the standard treatment for HER2-negative advanced scirrhous gastric cancer in Japan. In spite of recent advances in the treatment of gastric cancer, a standard chemotherapy regimen is yet to be established for scirrhous gastric cancer. To develop new therapeutic approaches based on characteristic biological features of cancer cells, we examined the mechanisms underlying the cytotoxicity of anticancer drugs and reactive oxygen species (ROS) toward a human scirrhous cancer cell line, HSC-39, in vitro. Anticancer drugs such as 5-fluorouracil (5-FU), adriamycin (ADR) and irinotecan (CPT-11), as well as ROS, were previously shown to have important cytotoxic effects on these tumor cells. We demonstrated that 5-FU effectively induced apoptosis in HSC-39 cells in a dose-dependent manner, while ADR and CPT-11 induced necrosis and/or aponecrosis. 5-FU effectively inhibited WST-1 decrease in the MTT viability assay, even at low doses where little LDH release was observed, while ADR and CPT-11 only inhibited WST-1 decrease at high doses where LDH release was induced. Moreover, HSC-39 cells showed high sensitivity to H 2 O 2 and NOC-18, but less sensitivity to other ROS, suggesting a link between cell damage and membrane permeability changes induced by H 2 O 2 and NOC-18 or related oxygen radical species such as OH· or ·O 2 . These results suggest that combination treatment of chemotherapeutics with a fluoropyrimidine such as 5-FU is effective chemotherapy for scirrhous gastric cancer.
Introduction
Scirrhous gastric cancer is unique and tends to spread over the peritoneum with rapid growth and early metastasis (1) (2) (3) (4) . The prognosis for patients with scirrhous gastric carcinoma remains very poor, with the 5-year survival rate being low. However chemotherapy for other types of gastric cancer has improved, with good results being obtained in Japan (5) (6) (7) (8) (9) .
HSC-39 cells are a cell line established from pleural effusion of a Japanese male scirrhous gastric cancer patient (10) , and can be used to test therapies for scirrhous gastric cancer in vitro. HSC-39 cells are round, freely floating and tend to aggregate loosely in tissue culture medium. In addition, they have characteristics similar to those of the original ascitic tumor cell phenotypes of signet ring cell carcinoma (11) . HSC-39 cells have a mutation in exon7 of the p53 gene, which provides a possible selective advantage for tumor cell proliferation (12) . Since these cells were derived from a human scirrhous gastric carcinoma patient, they possess the appropriate phenotypes, including histological characteristics and metastatic ability in vitro, on which to test new therapies for scirrhous gastric cancer.
The chemotherapeutic agents 5-fluorouracil (5-FU), adriamycin (ADR) and irinotecan (CPT-11), as well as reactive oxygen species (ROS), have all been reported to be cytotoxic towards tumor cells. Among anticancer drugs for gastric cancer, S-1, a 5-FU analog, has recently become the standard first-line chemotherapeutic drug in Japan, while several other new drugs, including the topoisomerase I inhibitors CPT-11 and ADR, are less frequently used (13, 14) . These drugs provide an improved prognosis for advanced gastric cancer (6, 15) . ROS, including non-radical hydrogen peroxide (H 2 O 2 ), organic hydroperoxide (ROOH), and hypochlorous acid (HClO), are generated from inflammatory immune cells such as activated macrophages and neutrophils, which accumulate at sites of inflammation. ROS are important for the induction of apoptosis not only in inflammatory cells, but also in neighboring cells (16, 17) . However, it is still largely unclear how anticancer drugs and ROS induce apoptosis of scirrhous gastric cancer cells.
In the present study, we aimed to develop new therapeutic approaches based on the characteristic biological features Cell culture. The human scirrhous gastric cancer cell line HSC-39 was derived from the peritoneal ascites of a 54-year-old male patient with scirrhous gastric cancer (10) . The cells were routinely maintained in Dulbecco's modified Eagle's medium (DMEM; Gibco, Grand Island, NY, USA) supplemented with 10% heat-inactivated fetal bovine serum (FBS), 50 µg/ml streptomycin sulfate and 50 U/ml penicillin G sodium (Nacalai Tesque, kyoto, Japan). Media and sera were obtained from Gibco. The cells were seeded at low density in 100-mm diameter dishes (Iwaki, Tokyo, Japan) or Falcon T-25 tissue culture flasks in standard medium containing 10% fetal calf serum (FCS), and incubated in 5% CO 2 -95% humidified air at 37̊C.
Morphological observations. Cells were observed under a phase-contrast microscope (Diamat; Nikon, Tokyo, Japan), and images were captured from random fields at a magnification of x400.
LDH assay for estimation of cellular cytotoxicity. The amount of lactate dehydrogenase (LDH) released into the culture medium from injured cells was used to estimate the extent of cell damage. Briefly, HSC-39 cells were seeded at 4x10 5 cells/ml into a 48-well multiplate (Coaster), and treated with 5-FU, ADR or CPT-11 for 48 h or incubated with peroxynitrite, NOC-18, H 2 O 2 or HClO for 18 h. The supernatants were collected and assayed for LDH using an LDH-Cytotoxic Test wako (Wako Pure Chemical Industries, Ltd., Osaka, Japan), according to the manufacturer's protocol. Results are expressed as percentage release according to the formula below. Total activity was obtained by treatment of the same number of cells with 0.1% Triton X-100 (Sigma-Aldrich) only, and background release of LDH was determined by collecting the culture supernatant at time 0 of incubation. MTT assay for estimation of cell viability. 
SDS-PAGE and western blot analysis. HSC-39 cells were seeded at 1x10
6 cells/60-mm dish (#3000-035; Iwaki) and treated with either CPT-11 and incubated for 4 h or 5-FU and ADR for 24 h at 37˚C. The cells were chilled on ice and washed twice with PBS by centrifugation at 4˚C at 200 x g for 10 min. The final cell pellets were suspended in 100 µl of lysis buffer comprised of 10 mM EDTA (pH 8.0), 0.5% Triton X-100 and 10 mM Tris-HCl buffer (pH 7.4). After standing on ice for 10 min, the cells were centrifuged at 4˚C at 11,000 x g for 5 min and the resultant supernatants were used as cell extracts.
SDS-PAGE/western blotting was performed as previously described (18) . Briefly, 15-µg aliquots of cell extract were electrophoresed through a 5-20% gradient polyacrylamide gel (ATTO, Tokyo, Japan), and the proteins were transferred to Immobilon ® -P polyvinylidene difluoride (PVDF) membranes (Merck Millipore, Billerica, MA, USA) for western blotting. The membranes were blocked with 30 mg/ml milk casein (MEGMILk SNOW BRAND Co., Ltd., Tokyo, Japan) in a rinse buffer comprised of 0.1% Triton X-100, 0.1 mM EDTA and 0.8% NaCl in 10 mM Tris-HCl buffer, pH 7.4, and then incubated with rabbit anti-caspase-3 or anti-caspase-7 antibodies (Cell Signaling Technology) at 4̊C overnight. The blots were reacted with primary antibodies: anti-caspase-3 (1:1,000), anti-cleaved caspase-3 (1:1,000), anti-caspase-7 (1:1,000) or anti-cleaved caspase-7 (1:1,000), followed by reaction with a secondary anti-rabbit IgG antibody conjugated to HRP (1:1,000). Chemiluminescence was generated using Pierce ECL Western Blotting Substrate (Thermo Fisher Scientific, Inc., Waltham, MA, USA), and detected using a LAS 3000 Mini Image Analyzer (FujiFilm, Tokyo, Japan). The intensity of each band was analyzed and quantitated using ImageJ software (ver. 1.48V).
Statistical analysis.
Results are shown as the mean ± standard error of the mean (SEM) for at least 3 experiments performed independently using separate cell preparations. Significant differences between two groups were analyzed using Student's t-test and were considered statistically significant at P<0.05.
Results

Morphological changes in HSC-39 cells treated with chemotherapeutic reagents.
The morphology of HSC-39 cells was observed under a phase-contrast microscope after treatment with the anticancer reagents. The addition of 100 µM of 5-FU (Fig. 1C) induced the most marked changes in the cells, such as agglutination and cell membrane rupture, while treatment with 10 µM of 5-FU (Fig. 1B) induced no marked changes. When treated with 1 µM of ADR (Fig. 1F ) or 10 µM of CPT-11 ( Fig. 1H) , the number of intact and apoptotic cells were both decreased. Fragmentation of cells was also frequently observed after treatment with 100 µM of CPT-11 (data not shown). These results suggest that treatment of HSC-39 cells with the anticancer reagents led to a decrease in the number of living cells with a concomitant increase in either apoptotic cells when treated with 5-FU or aponecrotic cells when treated with ADR and CPT-11.
Cytotoxic effects of chemotherapeutic agents on HSC-39 cells.
Apoptotic stimuli induce necrosis of cells through depletion of cellular ATP. The type of cell death varies depending on the mechanisms and processes that lead to these responses in cells and tissues (19) . LDH release from cells principally results from rupture of the cell membrane. Fig. 2 , LDH was significantly released from the cells after treatment with 5-FU at 10 mM or higher in a dose-dependent manner ( Fig. 2A) . In contrast, significant release of LDH was predominantly observed with treatment at high concentrations of ADR at (10 µM; Fig. 2B ) and CPT-11 (100 µM; Fig. 2C ). Similarly, viability, as estimated by the MTT assay using WST-1 as a substrate, differed between treatment groups. 5-FU at 1 mM attenuated WST-1 reduction, which was more pronounced and significant at higher doses (Fig. 3A) . In contrast, ADR and CPT-11, which exerted similar effects on cell viability, only significantly attenuated WST-1 reduction at 10 and 100 µM, respectively ( Fig. 3B and C) . These results showed that the effect of 5-FU treatment on cell damage and decrease in cell viability as measured by LDH release and MTT assay was different compared to that for ADR or CPT-11. This suggests that 5-FU may induce cell damage via a different mechanism than cell membrane disruption for LDH release, indicating different functions in apoptotic cell death.
Induction of apoptosis and/or necrosis in HSC-39 cells.
To examine apoptotic cell death, we examined cell-surface binding of Annexin V, a phosphatidylserine (PS)-binding protein, and staining of cells with PI by flow cytometric analysis. Translocation of PS to the external cell surface is not unique to apoptosis; it also occurs during cell necrosis. The difference between apoptosis and necrosis is in cell membrane integrity: during the initial stages of apoptosis the cell membrane remains intact, but for necrosis, the cell membrane becomes leaky, allowing access to PI to stain nucleic acids. The Annexin V assay allows for the detection of the early phase of apoptosis, before the loss of cell membrane integrity, and permits assessment of apoptotic death. As shown in Fig. 4A , the control cells showed no fluorescein staining. In contrast, cells treated with 10 µM of 5-FU for 48 h displayed significant binding of Annexin V-fluorescein to the membrane surface (Fig. 4B) , indicating apoptosis. To distinguish between apoptotic and potential necrotic or lysed cells that may also have been exposed to PS due to loss of membrane integrity, we concomitantly examined Annexin V + and PI + cells, which correspond to aponecrotic HSC-39 cells (Fig. 4B) . Annexin V + and PI + cells were also observed after treatment with 1 µM of ADR and 10 µM of CPT-11, suggesting that these drugs induced apoptosis and aponecrosis (Fig. 5) . the effector caspases activated by apical caspase and cleavage of cellular death substrates. Therefore, we examined which caspase was involved in the induction of cytotoxicity. The level of cleaved caspase-7, an activated form, was much higher than that of the cleaved caspase-3 after treatment with 10-100 µM of 5-FU for 48 h compared to the control (Fig. 6) . Similar results were obtained with treatment at 1-10 µM of ADR or CPT-11. These results suggest that caspase-7 is responsible for the progression of apoptosis of HSC-39 cells induced by these chemotherapeutic drugs.
Caspase-7 mediates apoptosis in HSC-
Cytotoxic effects and induction of apoptosis of HSC-39 cells by ROS.
ROS have been shown to induce apoptosis in many different cell systems (20) . In the present study, we examined the cytotoxic effects of ROS on HSC-39 cells. HSC-39 cells released amounts of LDH upon treatment with 0.5 mM or higher of H 2 O 2 , with >60% release significantly occurring at 1 mM and greater (Fig. 7A) . In contrast, HSC-39 cells showed less sensitivity to HClO (Fig. 7B) and NOC-18 (Fig. 7D) . Little to no LDH release was induced by peroxynitrite (Fig. 7C) .
We next examined the induction of apoptosis and/or necrosis of HSC-39 cells by Annexin V and PI staining and flow cytometric analysis. Treatment with 0.1 mM H 2 O 2 induced Annexin V + and PI -cells, indicating early stage apoptosis, while treatment with 0.2-0.5 mM H 2 O 2 or 2-5 mM NOC-18 induced Annexin V + and PI + cells, indicating necrosis or aponecrosis, in a dose-dependent manner. HSC-39 cells showed high sensitivity to H 2 O 2 and NOC-18. These were significant differences compared with the controls. At low doses, HClO had no effect on the cell membrane, but at high doses (5 mM) induced Annexin V + and PI -cells and Annexin V + and PI + cells, indicating the induction of apoptosis and aponecrosis ( Fig. 8A and B) . Similarly, the cells were induced after treatment with peroxynitrite (Fig. 8C) . In addition, the pattern of cytotoxicity appeared to change over time in all treatment groups, suggesting that induction of apoptosis occurs first, followed by necrosis. However, treatment with H 2 O 2 or HClO did not result in typical apoptosis (data not shown).
These results suggest that HSC-39 cells showed high dose-dependent sensitivity to H 2 O 2 and NOC-18, but low sensitivity to HClO and peroxynitrite, suggesting that the cell damage may be linked to the degree of membrane permeability induced by the various ROS.
Discussion
In the present study, we examined the mechanisms underlying the cytotoxicity of anticancer drugs and reactive oxygen species (ROS) toward a human scirrhous cancer cell line, HSC-39, in vitro. We demonstrated that 5-FU induced apoptosis and ADR and CPT-11 induced necrosis and/or aponecrosis of the HSC-39 cells. 5-FU inhibited cell viability and induced little LDH release at low doses, while ADR and CPT-11 inhibited cell viability and induced LDH release at high doses. Our findings suggest that 5-FU is a reasonable chemotherapeutic drug for scirrhous gastric cancer. In phase II trials, the 5-FU analog S-1 showed a 33% response rate against scirrhous gastric cancer. Due to the reported promising effects of S-1 for neoadjuvant chemotherapy against scirrhous gastric cancer in a pilot study, a new phase II trial was planned to determine the survival benefit of S-1 treatment (21) .
Apoptosis is a crucial mechanism for many biological processes. The apoptotic process is characterized by distinct morphological features. In HSC-39 cells, typical structural changes and related alterations in cell function of the apoptotic pathway were observed, including cell rupture, translocation of PS to the outer layer of the plasma membrane, and altered mitochondrial metabolic activity.
Several chemotherapeutic drugs have been evaluated for their antitumor function. Compared with the best supportive care, the survival benefit of 5-FU has been reported based on chemotherapy for metastatic gastric cancer (22) . In the present study, 5-FU, ADR and CPT-11 induced apoptosis and/or aponecrosis in HSC-39 cells in a dose-dependent manner, as assessed by FACScan analysis (Figs. 4 and 5) . 5-FU effectively inhibited WST-1 decrease even at low doses where little LDH release was observed, whereas ADR and CPT-11 inhibited WST-1 decrease only at high doses where LDH release occurred ( Figs. 2A and 3A) . A previous study indicated that administration of 5-FU results in an increase in the S phase fraction in human gastric carcinoma, which is coincidental with the appearance of apoptosis-positive cells (23) . Moreover, thymidylate synthase (TS) activity is immediately markedly suppressed. These findings suggest that induction of apoptosis and inhibition of DNA synthesis, both induced by 5-FU, may be closely associated with its antitumor effects. At a low dose, 5-FU inhibits energy metabolism, resulting in decreased ATP levels to impair membrane barrier function, rather than inducing direct damage to cells (24) . In contrast, ADR induces an increase of c-jun and ATF3 mRNA levels in the mitogen-activated protein kinase (MAPk) pathway, followed by apoptosis (25) . This may explain why ADR predominantly induced apoptosis and LDH release in HSC-39 cells at high doses. The mechanism underlying the similar actions of CPT-11 remains unclear.
We also demonstrated that the progression of apoptosis upon treatment with 5-FU, ADR and CPT-11 was accompanied by cleavage of caspase-7, but not caspase-3 (Fig. 6 ). Caspase-3 normally exists in the cytosol as an inactive precursor that becomes activated through cleavage in apoptotic cells (26) . Caspase-7, but not caspase-3, undergoes proteolytic activation during lovastatin-induced apoptosis, an effect prevented by mevalonate, and was identified as a possible mediator of lovastatin-induced apoptosis (27) . The activation of caspase-7 during the apoptosis of HSC-39 cells (Fig. 6 ) demonstrated in the present study, may indicate a new pathway in the apoptotic cascade in scirrhous gastric cancer cells.
HSC-39 cells also showed high sensitivity to H 2 O 2 ( Fig. 7A) , as indicated by LDH release and Annexin V and PI staining. H 2 O 2 has strong intracellular cytotoxic effects due to its high membrane permeability. Furthermore, H 2 O 2 can induce apoptosis in neutrophils; this can be prevented by catalase, an enzyme that also prevents spontaneous neutrophil apoptosis. This suggests that H 2 O 2 may be an important triggering mechanism responsible for the short life-span of mature neutrophils. Caspase-3, but not other caspases, is required for commitment to ROS-induced apoptosis (28) .
The susceptibility of HSC-39 cells to 5-FU and H 2 O 2 suggests that there may be common mechanisms underlying the cytotoxicity of these reagents. Manganese superoxide dismutase (Mn-SOD) negatively regulates 5-FU-mediated apoptosis induction in squamous carcinoma cells (29) , and 5-FU increases cellular accumulation of H 2 O 2 in CT26 colon cancer cells (30) . These studies suggest that 5-FU induces increases in cellular H 2 O 2 levels, which may lead to decreased metabolic activity, as indicated by the WST-1 assay (Fig. 3A) , and increased apoptotic and subsequent necrotic changes (Fig. 5) , as well as increased LDH release ( Fig. 2A) in HSC-39 cells as observed in the present study.
HSC-39 cells undergo apoptosis when treated with TGF-β under serum-free culture conditions, which is mediated by activation of an apoptosis signal transduction pathway (31, 32) . Recent findings showed that 5-FU treatment activated the TGF-β pathway in drug resistant colorectal carcinoma cells in an in vivo and in vitro model (33) . Liu and Desai reported that TGF-β1 increased ROS production and suppressed antioxidant enzymes, leading to a redox imbalance. Therapeutic targeting of TGF-β-induced and ROS-dependent cellular signaling represents a novel approach in the treatment of fibrotic disorders (34) . Therefore, it may be of interest to examine the interaction between HSC-39 and TGF-β-producing cells such as activated fibroblasts or macrophages for peritoneal metastasis. Furthermore, it may be beneficial to examine whether various cytokines act as transcriptional regulators in TGF-β-mediated apoptosis. We are now in the process of investigating this point. Several studies provided evidence supporting the involvement of ROS in the induction of apoptosis and demonstrated the importance of ROS in the release of cytochrome c from the mitochondria. 5-FU-induced autophagy may function as a resistance mechanism against apoptotic cell death (35). It may provide a novel strategy to overcome therapy resistance.
Cisplatin (cis-diamminedichloroplatinum) was developed by Rosenberg (36) in the 1960s and was initially used in the treatment of head and neck, uterine and bladder cancers (37) . Cisplatin is one of the most important drugs for the treatment of gastric cancer; it has demonstrated a high positive-response rate in the treatment of gastric cancer. Although, combination treatment of 5-FU and cisplatin has demonstrated a significantly increased cancer-free survival compared to treatment with 5-FU alone, no significant differences have been observed in overall survival rate between the two treatments (38) . This survival difference, however, may result from chance in conducting the subgroup analysis and may have limited influence on the interpretation of the primary conclusion of the study.
In conclusion, we demonstrated that 5-FU induces apoptosis of HSC-39 cells, inhibits cell viability and induces little LDH release at low doses. In contrast, ADR and CPT-11 induce necrosis and/or aponecrosis of HSC-39 cells, inhibit cell viability and induce LDH release at high doses. The present study provides important insights into the underlying mechanisms of apoptosis behind the cytotoxicity for scirrhous gastric cancer. Furthermore, consistent with the widening acceptance of combination chemotherapies in clinical practice, such as with fluoropyrimidine agents, cisplatin, irinotecan and taxanes, our findings suggest that 5-FU has potential efficacy and that the use of 5-FU in combination with other chemotherapeutic agents that attack the membrane barrier may be a successful chemotherapy regimen for scirrhous gastric cancer.
